Abstract-The feasibility of using ultrasound technology as a noninvasive, nondestructive method for evaluating the mechanical properties of engineered weight-bearing tissues was evaluated. A fixture was designed to accurately and reproducibly position the ultrasound transducer normal to the test sample surface. Agarose hydrogels were used as phantoms for cartilage to explore the feasibility of establishing correlations between ultrasound measurements and commonly used mechanical tissue assessments. The hydrogels were fabricated in 1-10% concentrations with a 2-10 mm thickness. For each concentration and thickness, six samples were created, for a total of 216 gel samples. Speed of sound was determined from the time difference between peak reflections and the known height of each sample. Modulus was computed from the speed of sound using elastic and poroelastic models. All ultrasonic measurements were made using a 15 MHz ultrasound transducer. The elastic modulus was also determined for each sample from a mechanical unconfined compression test. Analytical comparison and statistical analysis of ultrasound and mechanical testing data was carried out. A correlation between estimates of compressive modulus from ultrasonic and mechanical measurements was found, but the correlation depended on the model used to estimate the modulus from ultrasonic measurements. A stronger correlation with mechanical measurements was found using the poroelastic rather than the elastic model. Results from this preliminary testing will be used to guide further studies of native and engineered cartilage.
INTRODUCTION
Diseases of cartilage are one of the major health issues in industrialized countries with high life expectancies. Currently, over 40 million people in the United States suffer from arthritis, which is 15% of the overall population. 40 That number is expected to rise to over 60 million by the year 2020. 40 Tissue engineering (TE) is a promising approach for repairing and replacing defective joint tissues in vivo. TE assists in the replacement of damaged tissue by providing a regenerated tissue that is specifically designed and fabricated to meet the needs of each individual patient. Novel tissue engineering strategies for using in vitro cultured products to replace damaged tissue have been developed and are now poised to emerge into the clinical field, 22 but this approach currently is highly inefficient and not amenable to large scale manufacturing. 21 Ex vivo engineered cartilage should have the mechanical integrity needed to carry considerable loads immediately after implantation into a joint. From a patient care as well as a cost perspective, however, it would be desirable to minimize the time spent maturing the implant. Unfortunately, there is considerable donor-to-donor variability in the proliferation, differentiation potentials, and biosynthetic activity of cells. Some of this variability can be overcome, 43, 44 but it appears unlikely that a universal protocol can be developed which will guarantee optimal reproducible results in all cases. It is important to monitor the development of the engineered tissue for quality-control purposes to ensure that immature as well as poor or failed constructs are not implanted into patients. Unfortunately, most current mechanical and biochemical assessment protocols require destructive endpoint-testing and/or violation of the sterile bioreactor environment. 9, 24, 30, 31, 38, 41, 48 When such methods are used, a tested construct is no longer suitable for implantation. 29, 41, 48 End-point evaluation would require multiple test samples solely for testing purposes. Direct indentation testing can be used as an alternative to confined/unconfined compression to assess the mechanical properties of tissues. 3, [26] [27] [28] 47 This works well in situ, but there are significant drawbacks to this approach in tissue engineering. The approach requires direct contact with the engineered tissue, which will again require opening the bioreactor system to the environment. If sequential testing of the tissue is desired, the risk of contaminating the reactor content increases with each opening. Depending on the bioreactor design, opening, and reclosing the chamber may itself be quite labor intensive. Furthermore, even at low forces and displacements, indentation tests can result in marked cell death in human cartilage. 4 Other approaches use magnetic resonance imaging (MRI) to measure glycosaminoglycan (GAG) concentration and water distribution nondestructively in tissue but these methods do not determine biomechanical properties. 25 Limited cell availability, high cost, and time restrictions prevent any of the aforementioned testing procedures from becoming a viable method to implement. Quality control of tissue-engineered constructs must therefore be configured to use noninvasive/nondestructive evaluation techniques. Ultrasound probes on the other hand can be acoustically coupled to the outside of the reactor, without contact with the reactor contents.
Ultrasound has been evaluated as a technique for noninvasive evaluation of tissue-engineered cartilage, but has not yet been fully utilized for biomechanical assessment. 17 Additionally, ultrasound has been used as a tool for predicting the regeneration process of tissue-engineered cartilage. 18 Most pertinent to this study is the fact that material properties such as elastic modulus and density are known to correlate with the speed of sound within a test sample. 35 In this study, we used agarose hydrogels to determine if a correlation could be established between the modulus determined from mechanical testing and from ultrasound. The study is designed as a proof-of-concept of the use of ultrasound technology as a noninvasive, nondestructive method for evaluating the mechanical properties of tissue-engineered weightbearing tissues as they are growing in a bioreactor. We are not attempting to establish equivalence between the ultrasound and conventional mechanical tests. Rather, we are seeking to determine whether a useful correlation between ultrasound-derived mechanical properties and those determined by conventional tests can be found. Establishing a correlation with conventional assessment methods is the first step toward developing a quality-control index that will enable us to discriminate between mature, implantable, and immature TE constructs. 
MATERIALS AND METHODS

Materials
Gels
Agarose hydrogels were used as cartilage phantoms. They are similar to cartilage in that they are made up of a fluid saturated solid matrix, although they are homogeneous and have a simpler structure than cartilage. Since hydrogels can be made in carefully controlled concentrations and thicknesses, they are attractive substitutes for cartilage in this feasibility study. Agarose hydrogels in 1, 2, 5, and 10% concentrations with a 2-10 mm sample thickness were created using 12.7 mm diameter molds. Preliminary studies suggested that gels in the range of 1-10% agarose would span the range of stiffnesses expected in engineered cartilage. The molds were cut from a hollow acrylic tube. The tube was supported by a mandrel and rough-cut using a cutoff tool. The molds were then polished to within, on average, 10 lm of the nominal height. The required amount of powdered agarose was weighed out using a precision balance (TB-215D, Denver Instruments, Arvada, CO) and added to the requisite volume of deionized water in a laboratory beaker. The beaker and agarose dispersion were then weighed, and the weight was recorded. The agarose dispersion was then heated to boiling several times in a microwave oven to dissolve the agarose completely in the water. The beakers were then weighed again, and evaporative losses were replaced using fresh diH 2 O.
For each concentration and height, six samples were created for a total of 216 gel samples. Each mold was set out on top of a glass bar. Using a 5 mL pipet, the agarose gel mixture was injected into the mold and topped immediately with a glass cover slip to ensure both faces of the gel would be flat, smooth, and parallel. Once solidified, gels were carefully removed from the mold and stored in distilled water at 4°C until testing. Imperfect samples, e.g., samples containing bubbles were replaced.
Fixturing
A rigid fixture was designed to secure the ultrasound transducer and allow for fine positioning relative to the sample (Fig. 1) . The fixture consisted of upper and lower 6.4 mm (¼¢¢) aluminum plates and MiniTec struts. Positions were adjusted to maximize the amplitude of the reflections from the sample's upper and lower surfaces. An X-Y table topped with a labjack allowed for rough positioning of a beaker containing the agarose cylinder relative to the transducer face ( Fig. 1, part A ). An L-shaped bracket was used to hold the transducer in a spherical bearing (Fig. 1, part  B) . The transducer was extended upwards by a machined Delrin adapter and then though the upper plate by a 19 mm OD (¢¢) aluminum tube, which was slipfit into a second spherical bearing. The latter was attached to a precision screw-driven X-Y positioning table (Fig. 1 , part C). Adjustments to this upper positioning table were used to fine-tune the incident angle of the ultrasound beam by allowing the transducer face to be oriented parallel to the surface of the agarose gel sample.
Ultrasound Data Acquisition
The gel cylinders were placed upright in distilled water in a 125 9 65 mm crystallizing dish (Corning Pyrex 3140, Fisher Scientific, Pittsburgh, PA), and were supported by a bed of 0.1-0.2% agarose cast at the bottom of the dish. All measurements were carried out at room temperature. The transducer face was immersed in the water and positioned 25 mm from the front gel face using the X-Y-Z controls of the positioning table. On the pulser-receiver, the pulse repeat frequency, energy, and damping were set to 1 kHz, 52 lJ, and 100X, respectively. Gain was set to 50 dB and no hardware filtering was used. All coaxial cabling was terminated with 50X resistors.
Data were acquired using the Picoscope software. Prior to recording a data set, the transducer face was oriented using the upper X-Y stage to maximize the amplitude of the return. The oscilloscope was configured for external triggering off the pulser receiver. Data ( Fig. 1, bottom) were then acquired at 50 MHz and averaged for several seconds; equivalent time sampling was used. The data were stored to disk.
Modeling
Signal processing was carried out in MATLAB. A linear phase, finite impulse response filter that uses a least squares approach was used to band-pass the data (~5-18 MHz), then a signal envelope was built using the Hilbert transform. The two reflections were analyzed independently, and the absolute maximum of the signal envelopes was found. Speed of sound (c) was computed using the known height of the sample and the time difference between the computed maxima of the reflected signals. The modulus was calculated from ultrasonic data (n = 6 per thickness at each concentration) using one-dimensional linear elastic and poroelastic models.
Using the elastic model, Young's modulus (E) was computed from
where q is the measured sample density computed as the mass of the hydrogel divided by its volume. The poroelastic model used in this investigation is based on a binary mixture of immiscible fluid and solid components. Both components are modeled as incompressible, the solid is linearly elastic and the fluid inviscid. Coupled interaction between solid and fluid is a function of the relative velocity of the components, fluid volume fraction and specific weight, and permeability. Pore distribution is assumed to be homogeneous and the fluid volume fraction is not a function of local dilatation. Under such conditions, the modulus (H, sometimes referred to as the aggregate modulus is equal to k + 2l, the Lame´coefficients) was computed using 11 :
where c is the speed of sound, the g i are volume fractions of the solid (s) and fluid (f), and the q b,i are the bulk densities of the fluid and solid components. These values, sometimes called apparent density, 32 are computed as the mass of solid or fluid per total volume of the hydrogel.
After the ultrasound evaluation, each gel was blotted dry and weighed using a digital mass balance. Since the dimensions of the hydrogel were carefully controlled, the density q for each sample was computed from its measured mass and computed volume. Bulk densities for an N% hydrogel were computed from:
where 19 q agarose = 1.64 9 10 3 kg/m 3 .
Calculation of the volume fraction of the solid accounted for the water that is bound in helical agarose fibrils. For a gel with agarose concentration N, and a mass fraction of agarose in the fiber of 0.625, 11 the volume fraction of agarose is:
and the volume fraction of fluid in the gel:
Mechanical Testing
After ultrasound evaluation, samples were tested mechanically (Rheometrics RSA II, TA Instruments, New Castle, DE) under uniaxial unconfined compression and a constant strain rate of 5% per second for 4 s. The slope of a straight-line fit of the stress-stain data between 0 and 2% strain, determined using a program written in MATLAB, was used as a measure of mechanical stiffness (at a 5%/s strain rate), which we will refer to as Young's modulus in this paper (Fig. 2) . In three samples of 2% gels, frequency dependence of the modulus was evaluated over a range of 0.5-100 rad/s (the upper limit of the Rheometrics device).
Statistical Analysis
To determine whether there was a correlation between gel height and stiffness, the stiffness measure was regressed on height of the gel, for each type of measurement (ultrasound or mechanical) with a different regression run for each gel percent, ranging from 1 to 10%. The dependence of stiffness on gel height and gel percent was modeled using multiple linear regression, where the logarithm of the stiffness measure was used as dependent variable, to better stabilize the variance about the regression. The dependence of mechanical modulus on ultrasound modulus was modeled using multiple linear regression; again log transform was used to stabilize variance about the regression.
RESULTS
Mechanical measurements showed an approximately linear relationship between stress and strain, particularly in the 0-2% strain range used to compute Young's modulus (Fig. 3 ). Young's modulus values ranged from an average of 1.3 9 10 5 Pa for the 1% gels to an average of 3.0 9 10 6 Pa for the 10% gels.
In the ultrasound tests, the amplitude of reflections from the top and bottom surfaces of the hydrogels was easily maximized by adjusting the alignment fixtures (Fig. 1, part C) , and thus the orientation of the ultrasonic transducer. A representative ultrasound trace is shown in the bottom panel of Fig. 1 .
The values of Young's modulus (obtained using the elastic model) were higher than those for the aggregate modulus (obtained using the poroelastic model) but the range of values for Young's modulus was much smaller than that for the aggregate modulus (Table 1) . Using the elastic ultrasound model resulted in values of Young's modulus ranging from 1.7 9 10 9 Pa for the 1% gels to 2.4 9 10 9 Pa for the 10% gels. The poroelastic model applied to the same data set yielded values one to two orders of magnitude lower, i.e., between 1.7 9 10 7 Pa and 2.5 9 10 8 Pa (1 and 10% agarose, respectively). Where a faint dependency on agarose concentration may have been present when using the elastic model (Eq. 1), it is definitely present using the poroelastic model (Eq. 2). A strong positive correlation (Pearson's correlation 0.9693, r 2 = 0.94) between the moduli computed from ultrasound using the poroelastic model and conventional mechanical testing was found; a representative plot is shown in Fig. 3 . Log transform of both mechanical and ultrasound moduli stabilized variability and better met assumptions for Pearson's correlation; the Pearson's correlation between the logarithms increased to 0.9858 (r 2 = 0.97, plot not shown). Correlations between the logarithms of ultrasound and mechanical moduli within each gel concentration group were 0.42 (p = 0.002), 0.34 (p = 0.015), 0.40 (p = 0.003), and 0.05 (p = 0.75) for gel concentrations of 1, 2, 5, and 10%, respectively. The lower correlation within groups is not surprising, as even when two variables X and Y are highly correlated across the entire range of X, if samples are taken over a small range of X values, the correlation will be much less. 6 Regression analysis suggests that very little of the variation in modulus, as measured by ultrasound, was explained by phantom height (r 2 range = 0.02-0.14, Fig. 4 ; Table 2 ). With the exception of the 2% gel samples the regression of the modulus on height had a slope that was not significantly different from zero.
For the mechanical tests, the phantom height explained somewhat more of the modulus variation (r 2 range 0.0003-0.67, Table 2 ; Fig. 4 ). For all except the 5% gel, the slope of the regression of modulus on height was significantly greater than zero, indicating that the modulus increased with gel height. Still, gel height explained much less of the variability in mechanical modulus than did gel concentration. For example, in a multiple regression of log 10 (mechanical modulus), linear and quadratic terms for gel percent explained 97.3% of the variability (r 2 = 0.973). Adding height to the regression equation only increased the R 2 slightly (albeit statistically significantly, p < 0.0001) from 0.973 to 0.977.
A frequency dependency of the storage and loss moduli was noted over the frequency range tested FIGURE 2. Representative plots of mechanical compression data of a 1% agarose 10 mm gel (a) and a 10% agarose 10 mm gel (b). Young's modulus was determined via a linear approximation of slope within the first 2% of applied strain. The 10% gels exceeded the load cell limit in the testing. FIGURE 3. Plot of mechanically derived modulus vs. ultrasound-derived modulus. Note that the coefficient of variation is in the range of 3-5% for the ultrasound measurements, whereas for the unconfined compression it is in the range of 12-30% depending on gel concentration. mechanically (0.5-100 rad/s). A representative plot of the storage modulus for a 2%, 3 mm high gel sample is shown in Fig. 5 .
DISCUSSION
Our long-term goal is to use ultrasound technology as a noninvasive, nondestructive method for estimating the mechanical properties of engineered tissues as they develop in a bioreactor. For this proof-of-concept study, we used a simplified, well-controlled system of agarose hydrogels. We chose agarose hydrogels since, as is cartilage, they are fluid saturated and poroelastic, and they are easily made with precisely controlled compositions and dimensions. 10 Hydrogels are also frequently used as carriers in cartilage TE. Furthermore, if correlations could not be found in this system, it appeared unlikely that they could be found in more complex tissues.
Material properties such as elastic modulus and density measurements are known to correlate with the speed of sound (Eqs. 1 and 2), 35 and this has been verified in cartilage. 45 Acoustic properties have been used for noninvasive evaluation of tissue-engineered cartilage, but have been used to a lesser extent for direct assessment of biomechanical properties. 17, 18 Thus, we sought to determine explicitly whether moduli determined from ultrasound measurements would correlate with conventional mechanical stressstrain measurements. This is in contrast to other studies that focused on general acoustic properties of cartilage as indices of its condition, 15, 20, 34 or to histological integrity. 14, 16, 45, 46 We could have chosen other mechanical measures of stiffness such as the equilibrium modulus, which would yield the intrinsic stiffness of the polymer matrix. This is only one of three material constants (permeability and two independent properties of the solid matrix, e.g., aggregate modulus and Poisson's ratio) needed for a complete description of the mechanics of an isotropic poroelastic material. Although material constants are essential in some applications, if one is ultimately interested in an index of quality, they are less critical and possibly less informative. Rapid indentation is an example of a test that gives an index of cartilage health without yielding material constants of the solid matrix. 3, 5, [26] [27] [28] 47 Supporting this concept, data from To¨yra¨s et al. 45 show that equilibrium and dynamic (1 Hz, 1% strain) mechanical measures of stiffness both correlate equally well with speed of sound in cartilage. Our results are encouraging, and illustrate a positive relationship between moduli calculated from ultrasound and from mechanical testing.
Based on the work of, e.g., Armstrong et al. and Eberhardt et al. on the behavior of cartilage at high loading rates, we initially assumed that wave propagation through hydrogels could be described using a linear elastic model. 1, 12 However, we found a much stronger positive correlation between the moduli calculated using uniaxial unconfined compression and the poroelastic model, than when the linear elastic model was used. This suggests the poroelastic model is more representative of hydrogel acoustics than an elastic model. Biomechanical studies have also previously shown that a poroelastic model better captured the essential mechanical behavior of cartilage. 2, 23, 32 Moduli determined by ultrasound were several orders of magnitude higher than those derived from conventional unconfined compression tests (Fig. 4) . Both of these tests yield stiffnesses that are dependent on the interaction of the fluid and solid components of the gels. 7 Differences in moduli between ultrasound and mechanical tests may be attributed, at least in part, to the inherent rate dependency of poroelastic materials, which has been observed in cartilage. 36, 42 A further caveat is that our mechanical moduli differ from values presented by others. 8 Differences in strain rate or differences in the intrinsic properties of different preparations of agarose could account for these discrepancies. For this reason, all tests in this paper were performed at the same strain rate and with a single lot of agarose.
For agarose, we also noted a frequency dependence of the modulus determined from mechanical tests performed over a low range of frequencies (0.08-16 Hz, Table 3 ). It is therefore important to note that the mechanical modulus values of agarose reported here may differ (at times substantially) from values reported by others that were generated at different 
1%
2% 5% 10% All% LEM 2.01 9 10 9 ± 9.89 9 10 strain rates. 8 Because the ultrasound transducer frequency is six orders of magnitude higher, we cannot extrapolate from these data. We would like to note, however, that other factors may be responsible for the observed differences. The mechanical and ultrasound moduli are measured under physically different test conditions and assumptions. In the mechanical tests, materials were free to expand laterally, whereas when For ultrasound measures, the only significant relationship between stiffness and height was for the 2% gel. For the mechanical measures, a significant relationship between height and stiffness was seen in all except the 5% gel data.
FIGURE 5. Frequency dependence of storage modulus E¢ for a sweep of 0-100 rad/s. In this case, a double exponential
)) fit the data well, but the significance of this relationship has not been explored. Tests were performed using a Rheometrics RSA II.
using the one-dimensional calculation of the moduli from ultrasound data, we are assuming that the material cannot expand laterally. This is conceptually equivalent to unconfined compression test. The difference in the magnitude of the moduli is consistent with the assumptions of confined vs. unconfined compression.
LIMITATIONS
A limitation of the elastic model is that it does not distinguish between fluid and solid behavior, as can be seen from a comparison of one-dimensional waves in solids and fluids. 13, 37 For a fluid of density, q f , the bulk modulus, B, can be described by
which is the same functional relationship as that for the elastic modulus. Using the elastic model, our ultrasonic estimates of Young's modulus showed very little effect of the hydrogel concentration, but rather were clustered around the bulk modulus of water (2.2 GPa, Fig. 4b) . 39 Thus, when applied to hydrogels, the fluid component dominates wave propagation.
In contrast, the poroelastic model explicitly recognizes that the material is composed of solid and fluid phases (Eq. 2). Although the same speed of sound data were used as in the elastic model, and despite the fact that those measurements all fell within ±60 m/s of the speed of sound in water (1,500 m/s), 37 the poroelastic model was able to identify distinct material properties in hydrogels of different concentrations. Others, e.g., Chiarelli et al. 10 have proposed continuum poroelastic models with different functional relationships between the solid and fluid phases than in the model we used. Different interaction models may provide additional insight into the behavior of the material; however, we have no reason to believe that this would change the ''macroscopic'' correlation we describe.
The poroelastic model is more sensitive to changes in the composition of the hydrogels than the elastic model, but more tissue-specific parameters are needed to determine the modulus. Because this could limit the applicability of this approach to cartilage, we examined the sensitivity of the modulus to changes in the density of the constituents, and to volume fraction. Equation (2) was used to explore the effects of hypothetical changes to density and volume fraction.
Small differences in density between the phases produced small changes in H. For example, increasing the density of the solid phase 5% over that of the fluid phase and holding the fluid volume fraction at 0.7 increased the modulus by 3.5% (Eq. 2).
In general, results are more sensitive to changes in volume fraction. If we assume that the true densities of the fluid and solid phases are equal, and that cartilage is fully saturated (g f + g s = 1), Eq. (2) reduces to
where q is the true density of each phase, which we set equal to that of water. Varying the fluid volume fraction from 0.5 to 0.8 results in a fourfold decrease in H (Fig. 6 ). These results suggest that volume fraction must be known to a much greater degree of accuracy than the constituent densities. The sensitivity to volume fraction also suggests that ultrasound should be a sensitive indicator of development of a tissue-engineered construct. Based on the available literature, we anticipate that with embedded cells, the fluid volume fraction of agarose carrier gels would undergo considerable change during cartilage development. For example, Ng et al. 33 seeded 2 and 3% gels (97 or 98% water) with chondrocytes, but the water content of mature cartilage is likely to be 80% or less. Our sensitivity analysis predicts that these changes will be readily detectable using ultrasound.
A caveat is that in a live construct, we would predict a loss of homogeneity over time, as previous studies have shown that differentiation and maturation of the extracellular matrix does not occur uniformly. As implemented here, the ultrasound measurements will result in average, not local, properties for the volume of tissue under examination.
A further caveat related to the need to know the height of the sample, however, as shown in Fig. 7 , oneway travel times for a series of echoes and the known speed of sound in the surrounding fluid can be used to derive the sample thickness. Irregularly contoured samples could potentially pose a problem, however, ultimately much smaller diameter transducers will mitigate this issue.
CONCLUSIONS
In summary, using hydrogel phantoms, we have encouraging results demonstrating a positive relationship between moduli calculated from ultrasound and from mechanical testing. The correlation depended on the model used to estimate the modulus from ultrasonic measurements; of the models tested, the poroelastic model best predicted the mechanical measurements. Results from these studies will be used to guide further investigation into the properties of native and engineered cartilage. 
